Abstract. Superparamagnetic iron oxide nanoparticles (SPION) have attracted a lot of interest due to their widespread biomedical and diagnostic applications. Coating the SPIONs with various surface layers can provide an interface between the core and the surrounding environment. The aim of this study was to examine the in vivo behaviour of dextran-coated iron oxide nanoparticles (D-IONPs) in aqueous suspensions. The SPIONs stabilized with dextran (D-IONPs) were synthesized in aqueous solutions by co-precipitation method. The average grain size deduced from transmission electron microscopy is 7.5 nm. The hematological parameters registered for the rats exposed to D-IONPs at 1 ml/kg have had values approximately equal to those examined for the control specimen. The architecture of liver and kidneys was not affected after one day of intraperitoneal injection of D-IONPs compared to the reference group. After 21 and 28 days respectively from the administration of the D-IONPs solution, the liver and kidneys from the injected rats showed a normal aspect without abnormalities compared to the rats uninjected. Our findings suggest that the administration of 1 ml/kg D-IONPs did not cause any toxicological effect since the parameters of renal and liver function were in the normal range as reported to the control group.
Introduction
In the last years, the superparamagnetic iron oxide nanoparticles (SPION) have attracted a lot of interest due to their widespread biomedical and diagnostic applications (Berry et al. 2003; Pankhurst et al. 2003; Tartaj et al. 2003; Bautista et al. 2005) . Due to the special magnetic properties as well as their biocompatibility and non-toxicity, SPIONs can be used in molecular imaging. On the other hand, the specific properties of these nanoparticles enable them to bind to a range of drugs, proteins, peptides, antibodies, polymers, DNA, RNA, oligosaccharides, etc. (Kinsella and Ivanisevic 2005; Lee et al. 2006; Yigit et al. 2008; Laurent and Mahmoudi 2011; Chen et al. 2012) . Due to the fact that the surface/volume ratio increases when the size decreases, these particles facilitate conjugation with various molecular markers, which can interact at molecular and cellular levels. Generally, this kind of nanoparticles are formed of a magnetic core which consists of maghemite (γ-Fe 2 O 3 ) or magnetite (Fe 3 O 4 ), encapsulated in a biocompatible polymer such as dextran or sucrose (Bautista et al. 2005; Predoi and Valsangiacom 2007) . Coating the SPIONs with polymer prevents their aggregation and the functional groups (e.g. -NH 2 , -OH) of the polymer allow the conjugation with bioactive compounds such as antibodies or drugs on the SPIONs surface. The core particle size of SPIONs and the hydrodynamic particle size in the dispersion medium including the SPIONs core and polymer coating have a critical significance for in vivo applications (Weissleder et al. 1988; 1990; Shapiro et al. 2005; Petri-Fink and Hofmann 2007; Thorek and Tsourkas 2008) . There are many synthesis methods for obtaining SPIONs with different sizes. Among them are included chemical precipitation (Predoi and Valsangiacom 2007; Huang et al. 2012; Barick et al. 2014) , high temperature methods (Sun and Zeng 2002) , etc. Magnetic properties of SPIONs are strongly influenced by the surface to volume ratio. In order to be used as MRI probes, the SPIONs must exhibit a high magnetization when an external magnetic field is applied and must have a well-developed surface coating and functionality (Jun et al. 2008) . Coating the SPIONs with various surface layers can provide an interface between the core and the surrounding environment (Rochelle Arvizo and Rotello). In 2004, for the first time, Molday and Mackenzie synthesized the iron oxide nanoparticles coated with dextran (Paul et al. 2004) .
Although it is known that for living organisms, iron is essential because it is required for many metabolic processes including oxygen transport, drug metabolism, DNA synthesis, ATP production etc. (Crichton 2004) , the concentration of iron within cells must be very well controlled due to the cytotoxicity of excess iron. Moreover, in the treatment of iron-deficiency anemia, iron-saccharide complexes such as iron-dextran, iron-sucrose, iron-polysaccharide etc. are being used (Hudson and Comstock 2001; Kane et al. 2003) .
The aim of this study was to examine the in vivo behaviour of dextran-coated iron oxide nanoparticles (D-IONPs) in aqueous suspensions after the intraperitoneal injection. The intraperitoneal injection was chosen as method of administration since it is the most commonly used way for drug administration, whereas the peritoneum offers a large surface area of the abdominal cavity. Moreover, the toxicological potential of D-IONPs was evaluated after intraperitoneal injection over a period of one month. Blood haematology parameters such as red blood cells (RBC), white blood cells (WBC), platelets, hematocrit (Hct) and hemoglobin (Hgb) were determined every week. At the same time, biochemical analysis of blood such as aspartate aminotransferase (AST), alanine aminotransferase (ALT), creatinine (CRE) and blood urea nitrogen (BUN) were also performed. Furthermore, histological investigations were achieved every 7 days.
In this paper we also report the transmission electron microscopy (TEM) and dynamic light scattering (DLS) studies on the obtained samples. For D-IONPs, the mean sizes, deduced from the TEM images have values of approximately 7.5 ± 0.5 nm while the mean hydrodynamic size of D-IONPs deduced from DLS analysis was 30 nm ± 0.5 nm.
Material and Methods

Materials
Ferrous chloride tetrahydrate (FeCl 2 × 4H 2 O), ferric chloride hexahydrate (FeCl 3 × 6H 2 O), natrium hydroxide (NaOH), dextran (H(C 6 H 10 O 5 ) x OH; m.w. ~ 40,000), hydrochloric acid (HCl), and perchloric acid (HClO 4 ) where purchased from Merck. Deionized water was used in the synthesis of nanoparticles, and for rinsing the clusters.
Synthesis of D-IONPs
Ferrous chloride tetrahydrate (FeCl 2 × 4H 2 O) in 2 M HCl and ferric chloride hexahydratate (FeCl 3 × 6H 2 O) (Fe 2+ / Fe 3+ = ½) were mixed at 40°C. The mixture was dropped into dextran (30 g in 100 ml of water) and 300 ml of NaOH (2 mol/l) solution at room temperature under vigorous stirring for about 30 min. The resulting solution was heated at 90°C for 1 h under continuous stirring (200 rot/min). The 5 M NaOH solution was added drop by drop to obtain a pH 11. The precipitate was centrifuged and treated repeatedly with a perchloric acid (3 mol/l) solution until the Fe 2+ /Fe 3+ ratio in the bulk sample was approximately 0.05 (Predoi 2007) .
After the last separation by centrifugation, the aqueous suspension of iron nanoparticles was dispersed into dextran (30 g in 100 ml of water (Iconaru et al. 2012) . After the reduction of iron by SnCl 2 (stannous chloride), the total Fe content was determined.
Methods
The particle size was measured by the SZ-100 Nanoparticle Analyzer (Horiba) using DLS. The signal obtained from the scattered light is fed into a multi-channel correlator that generates a function used to determine the translational diffusion coefficient of the analyzed particles. The StokesEinstein equation was then used to calculate the particle size. TEM studies were carried out using a JEOL 200 CX. The specimen for TEM imaging was prepared from the particle suspension in deionized water. A drop of well-dispersed supernatant was placed on a carbon-coated 200 mesh copper grid, followed by drying the sample at ambient conditions before attaching it to the sample holder on the microscope. A superconducting quantum interference device (SQUID, Quantum Design MPMS) magnetometer was used to record the magnetization curves of D-IONPs.
Animals
Male Brown Norway rats (weighing 200 g) were provided by the National Institute of Research and Development for Microbiology and Immunology "Cantacuzino", Bucharest. Female rats were not used in this study due to hormonal (estrogen/progesterone) fluctuations during their menstruation cycle. The fluctuations of these hormones may influence the blood analysis results and the actual results of the experiment (Rando and Wahli 2011) . The rats were housed in stainless steel cages (four rats in every cage), with free access to food and water ad libitum. The rats were acclimated in controlled environmental conditions, with preset temperature (22 ± 2°C), light (12 h light/dark cycles) and humidity (60 ± 10%). Before the beginning of the experiment, the rats were kept in the laboratory one week for acclimatization. The animals were maintained under specific pathogen-free conditions in accordance with the International Animal Care Policies and with NIH Guide for the Care and Use of laboratory Animals.
Hematology analysis and blood biochemical assay
For hematology analysis and blood biochemical assay, blood samples were collected from the rat's tail vein. The blood was collected in EDTA microtainer tubes and stored in a refrigerator at 2 to 8°C. The samples were analyzed in the first 2 hours of collection. In this study, hematologic parameters such as RBC, WBC, platelets, Hct and Hgb were investigated. On the other hand, liver function was evaluated by AST and ALT. Moreover, by CRE and BUN, the nephrotoxicity was determined. All the parameters were evaluated every week using a IDEXX VetAutoread Hematology Analyzer.
Histological examination
The analysis of D-IONPs tolerability during in vivo longterm experiments was evaluated after the rats (n = 10 rats per group) were injected with D-IONPs in doses of 1 ml/kg per rat. One group served as control group. After intraperitoneal injection of D-IONPs, the toxicity was evaluated during the entire study period. For histopathological examinations, the animals were euthanized. Histopathological examinations were performed on liver, kidney and spleen tissues. The selected organs were removed from the rats and fixed in 10% formalin. The organs were prepared as paraffinembedded glass slides stained with hematoxylin and eosin. The morphological changes were observed by microscope (Daffodil MCX100 Microscope by Micros, Austria) (Su et al. 2012 ). The body weight was determined every week and the hystopatological examinations were carried out every 7 days for a period of one month.
Results
The shape of the nanoparticles, selected area electron diffraction (SAED) and size distribution of D-IONPs measured from low-magnification TEM micrograph are shown in Figure 1 . Fig. 1A revealed a low-magnification TEM image of D-IONPs. The inset (Fig. 1B) is a SAED pattern from a zone comprised of a large number of nanoparticles. The rings in the SAED pattern can be indexed as the 220, 311, 400, 422, 511 and 440 reflections of the cubic maghemite. Fig. 1C and Fig. 1D show the higher magnification TEM images of D-IONPs. The D-IONPs observed in the higher magnification TEM image clearly suggest that the nanoparticles are uniform with a spherical shape. The size distribution was determined by measuring the mean diameter, D, of approximately 700 particles. The average grain size of the monodisperse D-IONPs was 7.5 ± 0.5 nm.
Dynamic light scattering known as Quasi-Elastic Light Scattering was used to determine the hydrodynamic size and the size distribution profile of D-IONPs in suspension (Fig. 2) . The intensity distribution of particle sizes obtained by DLS showed two populations. The second population was represented by the aggregate population containing a few dozen particles but is not significant for the total quantity. Therefore, we can say that the aggregation state of the particles was minimal. The first population presented a size characteristic to a solvated particle. The size obtained by DLS was given by the crystalline area and by the thickness of the solvation layer. The average diameter obtained by DLS was 10.3 ± 4.5 nm.
D-IONPs observed by DLS are monodisperse in water (Fig. 2) . The mean hydrodynamic size of D-IONPs deduced from the size distribution histogram was 30 nm ± 0.5 nm.
The magnetization curves of D-IONPs recorded at room temperature are shown in Fig. 3 . The D-IONPs exhibited superparamagnetic behaviour. The saturation magnetization (M S ) of D-IONPs was 27 emu/g. According to previous studies (Elliott et. al. 1984; Zhang et al. 2011) , the increase of the particle size leads to a decrease of the saturation magnetization. On the other hand, recent studies (Zhang et al. 2011) showed that the thickness of the layer (in our case dextran) covering the nanoparticles play an important role on the magnetic properties. According to previous studies (Zhang et al. 2011) , in this case, we could say that the dextran thickness is small enough not to lead to a decrease of the magnetic strength, this being a consequence of the weight contribution from the nonmagnetic portion. The results of the magnetic properties of D-IONPs demonstrate that the compound has superparamagnetic properties and it could be used in medical applications.
In order to evaluate the tolerability of D-IONPs in a solution with the final ion concentration 0.38 mol/l, the rats were injected intraperitoneally with a 1 ml/kg dose. Firstly, the blood hematology parameters and blood biochemical assay of the injected rats were determined every week and compared with the control (the group of rats which was not injected). Secondly, the histological investigations on kidney and liver tissues were performed every 14 days. All the animals from all study groups survived until the end of the study period. After the intraperitoneal injection with a 1 ml/kg dose of D-IONPs containing solution, neither the weight nor the behavior of the animals was affected and no clinical signs were observed during the entire time of the experiment. All the rats from all experimental groups (treated with 1 ml/kg dose of D-IONPs containing solution) were active and nonaggressive during the interactions with other mice from the cage. The hematology analysis data for the rats injected intraperitoneally with 1 ml/kg dose of D-IONPs containing solution are presented in Fig. 4 .
On the first day after injection, an increase of the hematologic parameters such as RBC, WBC, platelet, Hct and Hgb could be observed. After 7 days, the values of RBC, WBC, platelet, Hct and Hgb decreased, being in the normal laboratory range of 7.57-9.05·10 12 /l, 1.76-5.62·10 9 /l, 707-1028·10 9 /l, 40.9-46.1 l/l and 13.6-11.6 g/dl, respectively. Moreover, the results obtained after the 28 days are comparable to those obtained for the rats in the control group.
In Fig. 5 are shown the values obtained for liver function evaluated by AST and ALT. The results achieved from studies of nephrotoxicity evaluated by CRE and BUN are presented in Fig. 6 . The values of liver function evaluated by AST and ALT showed a slight increase. On the other hand, after a day, we also noticed a slight increase in the values of CRE and BUN with no significant differences relative to the normal laboratory range (AST (U/l): 45-82; ALT (U/l): 24-30; CRE (µmol/l): 20-26.7; BUN (mmol/l): 3.7-6.8).
The tolerability of D-IONs in solution after intraperitoneal injection of a dose of 1 ml/kg in the studied rats was also evaluated by histological examination. Previous studies conducted by Choi et al. (2007) and Yang et al. (2007) on applications of magnetic nanoparticles in biomedicine showed that nanoparticles might have toxic effects on various organs depending on the administration method. Therefore, in this study, kidney, liver and spleen were selected as representative organs. On the other hand, in previous studies showed that the silica-coated magnetic nanoparticles were accumulated to various organs including liver, spleen, and kidney after intraperitoneal administration of the rats.
The microscopic observations of the rat kidney and liver tissues after intraperitoneal injection are presented in Figures  7-11 . The architecture of the liver and kidney tissues was not affected one day after the intraperitoneal injection of D-IONPs compared to the reference group (Fig. 7) .
The photomicrographs of kidney one day after intraperitoneal injection of D-IONPs revealed that tubular cells with moderate anisokaryosis were present. The anisochromia with formation of chromocenters and minimal granular cytoplasmic degeneration (HE, 100×) was also observed (Fig. 7) . After one day, the histopathological examination of liver tissue of the intraperitoneally injected rats showed formation of chromocenters and nucleoli without a significant difference with the control animals group (Fig. 7) .
Histopathological analysis of liver and kidney were also performed 7 days after injection (Fig. 8) .
The histopathological examination of the liver showed no differences between the reference group and the groups injected intraperitoneally with D-IONPs 14 days before prelevation (Fig. 9) . In a similar way, the kidney tissue showed no abnormalities fourteen days after intraperitoneal injection of the rats with D-IONPs (Fig. 9) .
The histopathological images of liver and kidney tissues harvested from the rats with or without D-IONPs injected intraperitoneally 21 (Fig. 10) and 28 (Fig. 11) days before the prelevation, are identical.
In addition, the histopathological examination of spleen at 7, 21 and 28 days after intraperitoneal injection of D-IONPs is presented in Fig. 12 . The spleen architecture consists of white pulp and red pulp. Small and medium sized lymphocytes were observed in the tissue harvested at different periods of time. Seven days after the injection of the DIONPs, a massive congestion in the red pulp was observed (Fig. 12B) . A signinificant reduction of the congestion from the red pupl was observed in the splenic tissue harvested 21 days after the injection (Fig. 12C) . 28 days after the administration of D-IONPs (Fig. 12D) , the spleen architecture did not present any major alterations when compared with the control (Fig. 12A) .
Discussion
In the last decade, the progress registered in the field of nanotechnology offers new opportunities for developing innovative methods for medical applications. The potential use in the medical field of superparamagnetic iron oxide particles coated with various biomolecules is of great interest, drawing the attention of many researchers. Moreover, the potential toxicology profile is intensively studied, this subject creating the premises of further research on blood purification and drug treatments for cancer and hyperthermia (Stamopoulos et al. 2007 (Stamopoulos et al. , 2008 Chen et al. 2008; Yallapu et al. 2011) .
Recent studies (Huang et al. 2012; Barick et al. 2014 ) showed that magnetic nanoparticles have significant potential in various biological applications such as controlled drug delivery, magnetic resonance imaging or magnetic hyperthermia for cancer treatment. Yang et al. (2007) in previous studies on persistent tissue kinetics and redistribution of nanoparticles, quantum dot 705, in mice showed that after the intravenous injection of mice, quantum dots were accumulated to liver, spleen and kidneys. Moreover, Cho et al. (2009) proved that after the mice were injected intravenously, gold nanoparticles were stored in spleen and liver. Compared to intraperitoneal administration or intravenous injection, the nanoparticles present entirely distinct behavior after inhalation or instillation (Cho et al. 2007; Hara et al. 2008; Kwon et al. 2008) . Cho et al. (2007) showed that the inflammatory mediators were induced by intratracheal instillation of ultrafine amorphous silica particles. On the other hand, Hara et al. (2008) in their studies exhibited that the polylactideglycolide (PLGA) nanospheres rapidly penetrate the systemic circulation and are distributed to brain, liver, kidney, pancreas and spleen after being instilled to the lungs of the rats. Furthermore, Kwon et al. (2008) in the studies on body distribution of inhaled fluorescent magnetic nanoparticles in the mice showed that after one month from administration by inhalation, the fluorescent magnetic nanoparticles were distributed in various organs such as testis, spleen, liver and even in brain.
DLS measurements gave a significantly larger size for D-IONPs in contrast to TEM measurements. According to previous studies (Jain et al. 2005; Easo and Mohanan 2013) this is caused because the DLS method measures the hydrodynamic particle size in dispersions where the D-IONPs core and polymer coating are included, while TEM images exhibits the core particle size alone, without any contribution of the dextran layer.
Regarding the values of the parameters which represent the liver function after 1 day and 7 days respectively, the increase noticed after 24 hours cannot be considered to have some toxicological relevance.
In addition, the kidney function of rats injected intraperitoneally with a 1 ml/kg dose containing D-IONPs was not affected by the D-IONPs. Furthermore, in our present study, the blood hematology analysis results showed no abnormalities.
No significant macroscopic histopathological changes were observed between the reference group and the groups injected intraperitoneally with D-IONPs 7 days before (Fig. 8) . It is notable that after 7 days no morphological alterations are presented in the liver and kidney tissues.
Compared to the histopathological images from the untreated animal group (reference), the histopathological images from the organs of injected groups, after 21 ( Fig. 10 ) and 28 days (Fig. 11) respectively, presented similar structures with cellular and nuclear morphology. The histopathological images showed a homogeneous behavior compared to the control in all of the liver and kidney samples harvested at 21 days and 28 days respectively after intraperitoneal injection. Moreover, the liver and kidney tissues after 21 and 28 days from the intraperitoneal injection have a normal aspect without abnormalities.
According to the previous studies conducted by Handy and Shaw (2007) on the toxic effects of nanoparticles and nanomaterials, the iron nanoparticles can be toxic to the body because they can accumulate in the liver, leading to a decrease in mitochondrial activity and morphological changes. On the other hand, Handy and Shaw argued that the iron nanoparticles increase oxidative and shock reactions in liver cells and contribute to the reduction of glutathione liver cells. The results of this study showed that the effect of nanoparticles on the liver 28 days after intraperitoneal injection of D-IONPs was not visible. After 28 days, the values of liver enzymes such as ALT and AST obtained for the experimental groups are comparable to those obtained for rats in the control group. As stated by Sahu (2009) , the liver is the main organ involved in metabolism and detoxification of xenobiotics and can play a major role in the translocation of nanoparticles from the intestinal barrier to the bloodstream. Moreover, the kidneys play a significant role for renal filtration. Our results showed that parameters of renal function (CRE and BUN) return to normal (comparable to the control group) after 21 days from the administration. As a result of this study, after the evaluation of liver and kidney functions it could be concluded that the rate of D-IONPs metabolism in liver and kidney is dependent to the time interval from administration. According to Farag et al. (2006) and Patel et al. (2008) , the tests of liver and kidney functions are significant parameters in determining the security of functional ingredient or final product.
With regards to the histopathological examination, the monocytes, eosinophils, neutrophils, lymphocytes were not observed after 7 days from administration of the nanoparticles. The lack of monocytes demonstrates that the acute inflammatory reaction was not induced in the organs after 7 days. The histopathological examination of liver and kidney sections from injected rats showed normal architecture 21 days after injection. The sections showed that in the liver and kidney tissues no area of necrosis was seen at 1, 7 or 14 days after injection. In injected rats, no significant pathological changes in liver and kidneys were observed after 21 days, in good agreement with the biochemical analysis of blood.
In the early 90s, Weissleder et al. (1990) in their studies showed that superparamagnetic iron oxide particles are not instantly acknowledged by the splenic and hepatic mononuclear phagocytic systems. Later, Kooi et al. (2003) in their studies showed that nanoscale magnetic particles could be assimilated by the entire body due to their non-recognition by the splenic and hepatic mononuclear phagocytic systems. On the other hand, Schulze et al. (1995) in their studies showed that 89% of dextran coating is eliminated in urine, and the rest is excreted in feces. More than that, the iron contained in USPIO is incorporated into the body's iron store and used in hemoglobin manufacture (Weissleder et al. 1989 ). But then, Cho et al. (2009) showed that the instilled Cy5.5-conjugated TCL-SPION entered into systemic circulation and excreted by urine without accumulation in any other organs except for the kidneys.
With regard to our studies, we could say that the toxicity of the nanoparticles depends on surface chemistry and/or particle size. For all the tested concentrations, the D-IONPs did not present any toxic effect. The renal and liver functions were in the normal range as reported to the control group, suggesting that surface chemistry and particle size are crucial factors in the determination of glomerular filtration. For a correct assessment, further study is needed to establish the influence of different concentrations of D-IONPs in aqueous suspension on in vivo tolerability. Considering the fact that the males and females rats have a real different catabolism and that the female rats are more resistant to diseases (Rando and Wahli 2011) , the latter could dispose differentially the nanoparticles in the organs. Therefore, additional studies are needed to comprehend the in vivo behavior of dextran coated iron oxide nanoparticles. Moreover, additional studies are necessary to understand the influence of D-IONPs in the blood stream. Due to the lack of information on toxicity risks of nanoscale materials to humans and the environment, in vivo tests must be conducted taking into account various parameters such as the colloidal stability, size, concentration and the effective coating of nanoparticles. In addition, despite the fact that other studies are needed, our results proved that D-IONPs can be potential materials to be used as diagnostic probes and delivery vehicles.
